Adenovirus infection was the cause of an epizootic of hemorrhagic disease that is believed to have killed thousands of mule deer (Odocoileus hemionus) in California during the latter half of 1993. A systemic vasculitis with pulmonary edema and hemorrhagic enteropathy or a localized vasculitis associated with necrotizing stomatitis/pharyngitis/glossitis or osteomyelitis of the jaw were common necropsy findings in animals that died during this epizootic. To study transmission of adenovirus infection in deer and susceptibility of black-tailed deer (Odocoileus hemionus columbianus) fawns to adenovirus infection, six 3-6-month-old black-tailed fawns were divided into two treatment groups. One group was inoculated intravenously and the other group was inoculated through the mucous membranes of the eyes, nose and mouth with purified adenovirus. Each treatment group also included two additional fawns (four total) that were not inoculated but were exposed to inoculated animals (contact animals). One fawn served as a negative control. Between 4 and 16 days postinoculation, 8/10 fawns developed systemic or localized infection with lesions identical to lesions seen in animals with natural disease that died during the epizootic. Transmission was by direct contact, and the route of inoculation did not affect the incubation period or the distribution of the virus (systemic or the localized infection). Immunohistochemical analysis using polyclonal antiserum against bovine adenovirus type 5 demonstrated staining in endothelial cells of vessels in numerous tissues in animals with systemic infection and endothelial staining only in vessels subtending necrotic foci in the upper alimentary tract in animals with the localized form of the disease. All inoculated or exposed animals had staining in the tonsillar epithelium. Transmission electron microscopic examination of lung and ileum from two fawns with pulmonary edema and hemorrhagic enteropathy demonstrated endothelial necrosis and adenovirus virions in endothelial cell nuclei. Adenovirus was reisolated in black-tailed deer pulmonary artery endothelial cells using lung homogenate of the first fawn that developed systemic adenovirus infection. Serum virus neutralization test results suggest that this deer adenovirus is a new serotype.
We previously described an epizootic of hemorrhagic disease in California black-tailed deer (Odocoileus hemionus columbianus) that was associated with infection by a newly recognized adenovirus. 28 Two forms of the disease, a systemic and a localized form, were described. Necropsy findings in deer that died of systemic adenovirus infection were similar to lesions described in animals infected with bluetongue (BT) virus or epizootic hemorrhagic disease (EHD) virus, 10, 11, 14, 15 and included pulmonary edema and less often hemorrhagic enteropathy. Panvasculitis with endothelial intranuclear inclusions was most prominent in the lungs and alimentary tract, and endothelial inclusions were less frequently seen in the brain, kidney, spleen, pulmonary artery, and urinary bladder. Abscesses and extensive deep ulceration and necrosis in the mouth and in the forestomachs associated with localized vasculitis were seen in other deer without systemic disease that died during this epizootic. Endothelial intranuclear inclusions were seldom seen in these animals. Deer with localized infection were emaciated and had severe depletion and serous atrophy of fat consistent with death due to starvation.
In a previous study, both the systemic and localized forms of the adenovirus hemorrhagic disease (AHD) were reproduced experimentally in yearling blacktailed deer. 27 Two of six animals inoculated with purified adenovirus developed clinical disease. Pulmonary edema and luminal hemorrhage in the small and large intestines were reproduced in one yearling blacktailed deer that succumbed to systemic infection. The second animal developed localized infection with pha-ryngeal and gingival abscesses, ulcerative glossitis and rumenitis, and necrotizing osteomyelitis of the mandible. Adenovirus was associated with systemic and localized vascular damage, as demonstrated by transmission electron microscopy and immunohistochemistry. Adenovirus was reisolated from tissues of the experimentally infected animal with systemic infection, thus fulfilling Koch's postulates.
In this study, black-tailed fawns (3-6 months old) were inoculated with purified adenovirus by different inoculation routes to determine the mode of transmission of the virus and the susceptibility of black-tailed fawns to adenovirus infection. Virus distribution in tissues was demonstrated by immunohistochemistry using antiserum to bovine adenovirus type 5. 28 In addition, pre-and postinoculation sera from adenovirusinfected deer were tested for the presence of antibody to the prototype bovine and ovine adenoviruses and two caprine adenoviruses in a serum virus neutralization test to characterize the deer adenovirus.
Materials and Methods

Fawns
Seven orphaned neonatal black-tailed deer fawns were collected from counties without rehabilitation centers and acclimated in an indoor isolation facility 1-8 weeks prior to the transmission study. These fawns would have otherwise been euthanatized under a new California Department of Fish and Game regulation that restricts transport of fawns between counties in an effort to prevent the spread of disease. Four black-tailed deer fawns (3-4 months old) that were kept in an outdoor enclosure and raised on the doe were culled from the University herd and donated to the study. All fawns were fed goat milk with kid replacer (Purina Mills, St. Louis, MO) using a lamb bar two to four times/ day depending on age. Fawns were offered milk mixture at least twice daily during the first 2 weeks of the experimental study and then once daily. Calf manna, alfalfa hay, and water were available ad libitum.
Viral inoculum
Adenovirus was isolated in black-tailed deer pulmonary artery endothelial (BTDPAE) cells from lung homogenates of a black-tailed deer fawn that died of systemic adenovirus hemorrhagic disease during the California epizootic in 1993. 28 Flasks were freeze/thawed and centrifuged at low speed to remove cellular debris, and the supernatant was centrifuged for 60 minutes at 248,000 ϫ g. Sediment was diluted in Dulbecco's minimum essential medium (MEM; Gibco, Life Technologies, Grand Island, NY) and placed over a cesium chloride (CsCl) gradient, 1.3-1.46 g/cm 3 , in phosphate-buffered saline (PBS) (pH 7.4) and centrifuged for 18 hours at 290,000 ϫ g. A single band with a density of 1.34 g/cm 3 , which is consistent with the density of Adenoviridae in CsCl, 12 was collected and diluted in PBS (pH 7.4) and dialyzed overnight in cold PBS (pH 7.4). A wellmixed fraction of the inoculum was negatively stained with 2% phosphotungstate (pH 7.4) and examined using electron microscopy. This band contained approximately 10 7 virus particles/ml. Infectious titer also was determined. BTDPAE cells were grown to 75% confluence on coverslips in 24well plates and inoculated with 1 : 10, 1 : 100, and 1 : 1,000 dilutions of the adenoviral inoculum. Inoculated cells were incubated in Dulbecco's MEM with 10% fetal bovine serum (FBS; Sigma Chemical Co., St. Louis, MO) for 14 days at 37 C. Coverslips were stained with fluorescein isothiocyanate-labeled antibody to bovine adenovirus type 5 (BAV-5; American BioResearch, Seymour, TN) and examined by epifluorescence. Fluorescein-labeled cells were counted, and the infectious titer was determined (1 ϫ 10 2 TCID 50 /ml). This preparation was used as inoculum for the experimental inoculation study.
Transmission study
Seven black-tailed deer fawns (3-6 months old) that were raised from neonates in an indoor isolation facility were randomly divided into three groups of three (group A), three (group B), and one (C) and housed in separate isolation rooms. Four black-tailed deer fawns raised on the doe in an outdoor enclosure were randomly placed two in room A and the other two in room B. All animals received physical examinations and were administered intramuscular ivermectin (Merck & Co., Rahway, NJ; 10 mg/50 kg) prior to placement. Three of five fawns (Nos. 1-3) from group A were each inoculated intravenously with 2 ml of purified adenovirus in PBS (10 2 TCID 50 /ml). The remaining two fawns (Nos. 4, 5; contact animals) in group A were not inoculated but were exposed to inoculated animals in room A. Three fawns (Nos. 6-8) from group B were inoculated with a total of 2 ml purified adenovirus diluted in PBS (10 2 TCID 50 /ml) equally divided and inoculated through the mucous membranes of the eyes, nose, mouth, and trachea. The two remaining fawns (Nos. 9, 10; contact animals) in group B were not inoculated but were allowed to intermingle with inoculated fawns in room B. The negative control fawn (No. 11) in room C was inoculated intravenously and through the mucous membranes of the eyes, nose, mouth, and trachea with a total of 2 ml of PBS. Source of the fawns, fawn number, and route of exposure are listed in Table 1 . Pre-and weekly postinoculation serum samples were collected. Inoculation and serum sample collection was performed on the animals immobilized with light doses of xylazine (Miles Laboratory, Shawnee, KA; 1 mg/kg). Yohimbine (Lloyd Laboratory, Shenandoah, IA; 0.25 mg/kg) was used as a reversal agent. Fawns were euthanatized when significant clinical signs were apparent or 1-3 months postinoculation. Complete necropsies were performed on all animals. Oral lesions were cultured on blood agar and incubated under aerobic and anaerobic conditions. Pre-and postinoculation serum samples were tested for antibodies to EHD virus and BT virus using the agar gel immunodiffusion (AGID) test (Veterinary Diagnostic Technology, Wheat Ridge, CO) and the competitive enzyme-linked immunosorbent assay (ELISA) (Veterinary Diagnostic Technology), respectively. 22 Preinoculation blood samples were tested for BT virus using a BT virus-specific polymerase chain reaction (PCR). 2 Woods, Hanley, Chiu, Lehmkuhl, Nordhausen, Stillian, and Swift 
Light and electron microscopy
Fifty-five standard tissue samples were collected from each animal during necropsy. Tissues were immersed in 10% buffered neutral formalin and processed routinely for histologic examination. Lung and ileum from two animals with systemic infection (fawn Nos. 1 and 6) and tissues from the negative control fawn were immersion fixed in modified Karnovsky's solution, 20 postfixed in 1% osmium tetroxide in 0.1 M sodium cacodylate, embedded in Medcast resin (Ted Pella, Redding, CA), and sectioned. Ultrathin sections (70-90 mm) of lung and ileum were mounted on copper grids, stained with uranyl acetate and lead citrate, and examined with a Zeiss 10 C electron microscope. Large and small intestine contents from all fawns (Nos. 1-11) were suspended in distilled water, centrifuged, negatively stained with 2% phosphotungstate, and examined with a Zeiss 10 C electron microscope.
Immunohistochemistry
Immunohistochemistry was performed on identical tissues and on the lesions from all fawns (Nos. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Tissues examined included retropharyngeal lymph node, tonsil/pharyngeal region, right cranial lung, rumen, small intestine (ileum), large intestine, urinary bladder, salivary gland, kidney, and lesions (lip, tongue, or nose). Frequency of immunoperoxidase staining of endothelial cells in large vessels and microvasculature was graded per lung section: 0 ϭ no staining, 1 ϭ rare numbers of stained cells, 2 ϭ light numbers of stained cells, 3 ϭ moderate numbers of stained cells, and 4 ϭ heavy numbers of stained cells. A streptavidin-biotinperoxidase method was used for immunohistochemical staining. 7 Paraffin-embedded tissue sections (2-3 m) were applied to Probe-on-Plus charged glass slides (Fisher Scientific, Pittsburgh, PA) and processed using the Microprobe Staining System (Fisher Scientific). Tissue sections were deparaffinized in xylene, dehydrated to absolute ethanol, and incubated with 3% hydrogen peroxide in absolute methanol for 10 minutes at room temperature to quench endogenous peroxidase activity. The specimens were digested with prewarmed 0.4% pepsin (w/v in 0.1 N HCl, pH 7.8; Sigma Chemical Co.) for 15 minutes at 37 C. Nonspecific background staining was blocked by incubating the sections for 30 minutes at room temperature with 10% heat-inactivated normal goat serum, diluted in PBS-BRIJ 35 (Fisher Scientific), a detergent solution containing 0.075% BRIJ diluted in PBS (pH 7.4). Polyclonal antisera against BAV-5 (American BioResearch) was applied at a 1 : 5,000 dilution overnight at 4 C. 28 Following this incubation and each subsequent incubation, the sections were rinsed 10 times in PBS-BRIJ 35. The sections were then incubated for 60 minutes at room temperature with biotinylated goat anti-bovine IgG (Kirkegaard and Perry, Gaithersburg, MD) diluted 1 : 1,200 in PBS-BRIJ, followed by incubation for 60 minutes at room temperature with peroxidase-conjugated streptavidin (Jackson ImmunoResearch, West Grove, PA) diluted 1 : 1,200 in PBS (pH 7.4). Staining was developed with aminoethylcarbazole (Dako, Carpinteria, CA), rinsed in tap water, counterstained with Mayer's hematoxylin, and mounted using Crystal/mount (Biomeda, Foster City, CA). Formalin-fixed lung sections from a deer with experimental adenovirus infection were used as positive controls; 27 normal bovine serum (Jackson ImmunoResearch) diluted 1 : 5,000 in PBS-BRIJ was substituted for the primary antibody as a negative control.
Virus isolation
Lung homogenates (10% suspension in MEM with antibiotics) from the first fawn that developed systemic infection (fawn No. 1) and the negative control fawn were inoculated onto BTDPAE cells in Dulbecco's MEM with 10% FBS. Cultures were examined daily for cytopathic effect. Tissue culture flasks were frozen at Ϫ70 C after 14 days, thawed at room temperature, and passed through a series of syringe filters (5.0-0.2 m), and the ultrafiltrate was centrifuged at 248,000 ϫ g. The pellet was resuspended in distilled water, applied to polyvinyl formal-coated copper grids, and stained with 2% phosphotungstate. Preparations were examined with a Zeiss 10 C electron microscope. Tissue homogenates from the same fawn with systemic adenovirus infection (fawn No. 1) were tested for BT virus by conventional virus isolation in specific-pathogen-free embryonated chicken eggs.
Serum virus neutralization
Pre-and postinoculation sera from adenovirus-infected fawns were tested for the presence of antibody to the prototype bovine and ovine adenoviruses (BAVs and OAVs) and two caprine adenoviruses (GAVs) isolated in the United States in a serum virus neutralization test as previously described. 16, 17 The viruses were biologically cloned, and virus stocks and antisera were prepared for use in virus serotyping. Preinoculation serum samples and postinoculation serum samples (taken at necropsy) from all fawns (Nos. 1-11) were stored at Ϫ70 C until tested. The serum virus neutralization test was done on all pre-and postinoculation serum samples at the same time except for serum samples from two fawns (Nos. 2, 7) that were hemolyzed and not tested.
Results
Of the three intravenously (IV) inoculated fawns in group A, one developed systemic hemorrhagic disease 5 days postinoculation (PI) with purified adenovirus (fawn No. 1), one developed localized oral necrotizing lesions 4 days PI (fawn No. 2), and one remained asymptomatic (fawn No. 3) ( Table 1 ). The two animals from group A (fawn Nos. 4, 5) that were not inoculated but were placed in direct contact with the IVinoculated animals developed oral lesions 6 and 12 days after animals in their group were inoculated. Fawn No. 4 also had lesions suggestive of systemic disease.
Of the three fawns in group B inoculated through the mucous membranes (MM) of the eyes, nose, mouth, and trachea, one developed systemic hemorrhagic disease 12 days PI (fawn No. 6), and two developed oral lesions at 6 and 16 days PI (fawn Nos. 7, 8, respectively). Of the two fawns in group B placed in direct contact with fawns inoculated through the MM, one developed systemic hemorrhagic disease 12 days after animals in that group were inoculated (fawn No. 9) and the other remained asymptomatic (fawn No. 10). The negative control animal (No. 11) remained asymptomatic.
Aerobic and anaerobic cultures of pharyngeal abscesses yielded Actinomyces pyogenes, Prevotella sp., and Fusobacterium necrophorum (fawn No. 5). Preinoculation blood samples were negative for BT virus by PCR except for one IV inoculated fawn that remained asymptomatic (fawn No. 3). Pre-and postinoculation serum samples from all fawns were negative by the BT virus competitive ELISA except for both pre-and postinoculation serum from fawn No. 8. The AGID test for EHD was negative on pre-and postinoculation serum samples from all fawns. BT virus was not isolated in embryonated chick embryos inoculated with tissues from the first animal that developed systemic infection (fawn No. 1).
Necropsy
Necropsy findings in the three fawns that developed systemic infection (fawn Nos. 1 [IV], 6 [MM], 9 [contact]) were similar to findings in animals that died of natural disease and to the yearling that died of experimental systemic adenovirus infection in a previous experimental study. 27, 28 These three fawns had pulmonary edema and hemorrhage within the lumen of the small and large intestines. Lung lobules were separated by marked interlobular septal edema (Fig. 1) . White froth was present in the bronchi and distal trachea. Small and large intestinal contents were bloody (Fig. 2) . There was ecchymotic hemorrhage in the wall of the pulmonary artery and mild ulceration of the rectal mucosa in one fawn (No. 6).
Five fawns (Nos. (Fig. 3 ) that often extended into the adjacent bone of the mandible and maxilla. Lesions in the nasal and oral pharynx were typically abscesses that extended into the deep tissue. Cranial lymph nodes (retropharyngeal, mandibular, parotid, cervical) were swollen, purple, and wet.
Two of the five fawns with oral lesions (fawn Nos. 2, 4) also had some changes consistent with systemic disease characterized by pulmonary edema, hemorrhage in the wall of the pulmonary artery, and endocardial hemorrhage. Hemorrhage in the intestinal tract was not present. Another fawn with oral lesions (fawn No. 7) had fibrinous pleuropneumonia from which coliform bacteria and Proteus sp. were isolated. There were no lesions in major organs of the remaining fawns with oral lesions. No gross lesions were seen in the two asymptomatic fawns (Nos. 3, 10) or in the negative control fawn (No. 11).
Histopathology
Seven sections of lung from fawns with systemic disease were similarly affected. Interlobular septa were expanded by edema and sometimes multifocal hemorrhage. Mild to severe panvasculitis was the prominent change in the lungs. Endothelial cells of veins, venules, arteries, arterioles, and capillaries of the peribronchial adventitia were hypertrophic. In some vessels, indistinct, eosinophilic-amphophilic endothelial intranuclear inclusions were seen in most endothelial cells lining the vessels (Fig. 4) , whereas other vessels had few or none. Vascular changes included endothelial hypertrophy, endothelial necrosis, disruption of the tunica intima (by apparent intimal edema or leukocytic infiltration), leukocytic margination, fibrinoid necrosis, and leukocytic infiltration of the tunica media.
Vascular changes in the intestines of fawns with systemic infection were similar to changes in the lungs. Vascular changes were transmural, with larger vessels in the serosa more frequently affected. All types of vessels were affected (veins, venules, arteries, arterioles, and less frequently capillaries). Occasionally, capillaries in the mucosal lamina propria had endothelial intranuclear inclusion bodies. There was diffuse dense hemorrhage in the lamina propria with suffusion into the lumen. Lymphoid patches were moderately depleted of lymphocytes. Vascular endothelial intranuclear inclusions, endothelial hypertrophy, and occasional fibrinoid necrosis of the tunica media and thrombosis were also present in the abomasum, fore-stomach, thymus, and pulmonary artery. Inclusions were also seen with accompanying endothelial hypertrophy in decreasing order of frequency in the brain, esophagus, spleen, trachea, kidney, urinary bladder, bone marrow, muscle, pancreas, heart, liver, tongue, and nasal turbinates. Other changes seen included mild, patchy, nonsuppurative submucosal inflammation in the pharynx and forestomach, mild periportal nonsuppurative hepatitis, and occasionally multifocal interstitial lymphocytic nephritis.
Oral lesions in fawns with localized infections (fawn Nos. 2, 4, 5, 7, 8) were characterized by extensive regions of necrosis that were sharply delineated by a dense zone of degenerated inflammatory cells admixed with bacteria. This zone blended into more diffuse accumulations of mixed inflammatory cells consisting of neutrophils, macrophages, and lesser numbers of plasma cells and lymphocytes. Changes in all types of vessels were present in the subjacent viable tissue and included luminal fibrinocellular thrombi, leukocytoclastic vasculitis, and fibrinoid necrosis of the tunica media ( Fig. 5 ). Endothelial intranuclear inclusions were infrequently seen, except for those fawns (Nos. 2, 4) with both systemic and localized infection. These two fawns with oral lesions had evidence of systemic adenovirus infection with endothelial hypertrophy and inclusions present in vessels of the lungs, brain, thymus, alimentary tract, pulmonary artery, and lymph nodes. Three of the five fawns with lesions in the upper alimentary tract (fawn Nos. 5, 7, 8) had no other vascular changes or inclusions in the remaining major organ systems examined. Other changes seen in these animals were mild periportal hepatitis and mild submucosal nonsuppurative inflammation in the forestom- Two of the fawns that remained asymptomatic (fawn Nos. 3, 10) had infrequent neutrophilic pustules in the superficial mucosa of the rumen, with mild underlying submucosal lymphocytic and plasmacytic infiltrates. One fawn (No. 10) had large basophilic intranuclear inclusion bodies in the medullary duct epithelium of the kidneys. One fawn had mild multifocal lymphocytic infiltrates in the adrenal gland. Vascular changes were not seen in these fawns.
Electron microscopy
Viruses were not identified by direct electron microscopic examination of negatively stained preparations of small and large intestine contents from all fawns. Transmission electron microscopic examination of Karnovsky's fixative-immersed lung and ileum from two fawns with systemic disease (fawn Nos. 1, 6) demonstrated a range of degenerative changes in the vascular endothelium, from swelling of the mitochondria and dilatation of the endoplasmic reticulum to fragmentation of the nucleus and cytoplasm. Icosahedral viral nucleocapsids, 68-72 nm in diameter with electron-dense cores, were loosely arranged in the nucleus, many times in close proximity to needle-like para-crystals. These crystalline structures were randomly arranged and comprised of bundles of fibers that were 100 Å in diameter and had a periodicity of 700 Å (Fig.  6 ). Virus was rarely identified in smooth muscle cells of vessels and in macrophages. Virus was not seen in tissues from the negative control fawn (No. 11).
Immunohistochemistry
Results of immunohistochemistry are shown in Table 2. Endothelial cells in arteries, arterioles, veins, and venules stained frequently, and capillary endothelium stained less frequently in most tissues examined in those animals with systemic disease (fawn Nos. 1, 2, 4, 6, 9) . In the lungs, the endothelium of capillaries of the interalveolar septa stained infrequently, yet the peribronchial capillary endothelium stained frequently. In the animals with only localized infection, adenovirus antigen was identified in vessels within viable tissue subtending the necrotic regions in one fawn (No. 7) and not in the other two fawns (Nos. 5, 8) . All of the inoculated or exposed animals had staining in the tonsillar epithelium, even the asymptomatic animals (Nos. 3, 10), that was not present in the negative control animal. In fawn No. 10, which remained asymptomatic, large basophilic intranuclear inclusions in the renal medullary duct epithelium stained by immuno- Table 2 . Frequency* of immunohistochemical staining of endothelium † using BAV-5 antiserum on select tissues of black-tailed fawns with experimental adenovirus infection. histochemical staining. Staining was not seen in any of the tissues from the negative control animal.
Virus isolation
Adenovirus was isolated from tissues of the first fawn that developed systemic infection (fawn No. 1) after one passage in BTDPAE cell cultures. Negatively stained preparations demonstrated virions with triangular facets that were 78-93 nm in diameter. Adenovirus was not isolated from tissues of the negative control animal.
Serum virus neutralization
Sera from inoculated deer did not consistently have antibody to either the prototype OAV or BAV serotypes, but several had antibody to the GAVs. All fawns tested did not have detectable pre-or postinoculation antibody to any of the OAVs at the first dilution (1 : 16) except fawn No. 8, which had pre/postinoculation titers of 1 : 32/1 : 32 to OAV-3, 1 : 32/1 : 16 to OAV-4, and 1 : 16/1 : 16 to OAV-5. Fawn No. 5, which did not have detectable preinoculation antibody to any of the BAVs, seroconverted with titers of 1 : 32, 1 : 64, 1 : 256, 1 : 128, and 1 : 32 to BAV-4, BAV-5, BAV-6, BAV-7, and BAV-8, respectively. Fawn Nos. 3 and 10 seroconverted from nondetectable to detectable antibody at the first dilution to BAV-6 and BAV-7. The remaining fawns did not have detectable pre-or postinoculation antibody to any of the BAVs except low levels (1 : 16 or 1 : 32) in fawn Nos. 6, 8, and 10 to BAV-1, -2, -6, and -8, none of which demonstrated a rising antibody titer. Fawn Nos. 3, 5, 8, and 10 had high antibody titers (1 : 64, 1 : 128, 1:Ͼ1024 and 1 : 64) to GAV-1 and/or GAV-2.
Discussion
Both the systemic hemorrhagic form and the localized form of adenovirus infection, previously described in naturally infected deer, 28 were reproduced in inoculated (or exposed) black-tailed deer fawns. Eighty percent (8/10) of the inoculated or exposed fawns developed systemic or localized disease. The severity of lesions in animals with systemic infection suggested a highly fatal short course of infection. Although death would not likely be a direct result of the oral lesions produced by the virus in animals with localized infection, death due to starvation or bacterial sepsis resulting from stomatitis or osteomyelitis would be the likely outcome in free-ranging deer.
Fatalities due to adenovirus infection were more common in fawns than in yearlings or adults during the epizootic of 1993. 28 Results of this study and a previous experimental study parallel the natural disease 27, 28 and strongly suggest that fawns are more susceptible to adenovirus infection than are juveniles or adults. Furthermore, mortality can be high in infected fawns. Fawns were inoculated at 3-6 months of age to insure minimal residual maternal antibody and to simulate the age of the fawns most frequently necropsied during the epizootic. Free-ranging fawns are typ- Woods, Hanley, Chiu, Lehmkuhl, Nordhausen, Stillian, and Swift ically weaned between 6 and 8 weeks of age. 21 Maternal antibodies wane at this time, and the fawn's active humoral immunity is not yet fully developed. 26 Additionally, although cellular immunity is present by 1 week of age, it does not substantially increase in the first 8 weeks. 26 Therefore, weaning is a particularly vulnerable time for deer with respect to susceptibility to infection, as with most ruminants.
Transmission electron microscopic examination of infected tissues demonstrated that endothelium is the primary target of the adenovirus. There was ultrastructural evidence of endothelial necrosis in cells with adenovirus particles in the nucleus. Endothelial cell necrosis in pulmonary vessels may trigger pathophysiologic events that culminate in pulmonary edema, as seen in most animals with systemic infection. 8 Disseminated intravascular coagulopathy may be the pathophysiologic mechanism of the hemorrhagic enteropathy in some animals with systemic adenovirus infection, as has been demonstrated with EHD and BT virus infections. 10, 13 A localized form of adenovirus infection was seen in some animals that were necropsied during the 1993 epizootic. Oral lesions identical to those observed in naturally infected animals were reproduced with purified adenovirus, clearly demonstrating that adenovirus, in addition to causing systemic hemorrhagic disease, can cause localized vasculitis, resulting in severe ulceration, necrosis, and abscesses in the upper alimentary tract and associated tissues. Vessels in viable tissue subtending necrotic regions had endothelial cell necrosis and fibrinoid necrosis of the tunica media, and many were occluded by fibrinocellular thrombi. Endothelial intranuclear inclusion bodies were seen in one experimentally infected fawn with localized infection that died 6 days postexposure (fawn No. 7) but not in the other two fawns with localized infection (fawn Nos. 5, 8) . These two fawns were euthanatized 6 and 10 days later than fawn No. 7, respectively, which may suggest that virus is present only in the early stages of localized adenovirus infection. Endothelial intranuclear inclusion bodies were rarely seen in naturally infected animals with localized infection. 28 Oral lesions seen in animals that died during the 1993 epizootic and lesions in experimentally inoculated animals were identical and were most likely a result of ischemic necrosis, with secondary invasion by aerobic and anaerobic bacteria. Multiple bacterial species were isolated from these lesions, including Actinomyces pyogenes, Prevotella sp., Peptostreptococcus anaerobius, and Fusobacterium necrophorum. Many of the deer that developed oral lesions had osteomyelitis of variable severity, and all of the deer had lesions severe enough that natural recovery seemed unlikely. Under natural conditions, these animals may have died of starvation or bacterial sepsis.
It was speculated in the previous report on the natural disease that localized infection leading to ulceration of the upper alimentary tract may be the chronic sequel to previous nonfatal systemic adenovirus infection. 28 In the present study, systemic disease and necrotizing oral lesions developed simultaneously. It is not clear why some animals infected with adenovirus developed systemic hemorrhagic disease whereas others develop localized infections or both systemic and localized infection. Fawns in this study were 3-6 months of age and may have had some residual maternal antibody. If the dams had been exposed to this virus and the fawns had received colostrum, then maternal antibody would provide some protection against the adenovirus infection. Low levels of passive immunity may have restricted the virus to the upper alimentary tract. Attempts were made to inoculate fawns when maternal antibodies were minimal, but the best inoculation time for the group of fawns could only be estimated. Most of these animals were wild-caught orphaned fawns, and therefore age was estimated. In addition, without the availability of a serologic test for antibody to deer adenovirus, the presence of maternal antibody against the deer adenovirus in preinoculation serum samples could not be determined. Development of an ELISA is currently in progress. The route of inoculation did not appear to influence lesion distribution (systemic or localized) or the incubation period.
Transmission of this disease appears to be by direct contact, as is typical of adenovirus infections in other species. 3, 6, 9, 12 Moreover, contact fawns (uninoculated but exposed) appeared to develop clinical disease as rapidly as inoculated animals, demonstrating the highly contagious nature of this virus infection and that shedding occurs rapidly from infected animals.
This study demonstrated that a vector is not required for transmission of the adenovirus. BT and EHD of deer require an insect vector for transmission. 11 Transmission of infection by contact and by MM inoculation with subsequent clinical disease demonstrates that BT virus or EHD virus do not play a role in development of AHD. Gross lesions are similar to those described in animals with hemorrhagic disease due to infection with BT virus or EHD virus. 11, 14, 15 Although BT virus was demonstrated by PCR in some but not all of the deer that died during the 1993 epizootic of AHD, there was speculation that infection by adenovirus may have occurred secondary to initial endothelial cell damage by BT virus or EHD virus. Inoculation of MM with purified adenovirus reproduced the lesions seen in animals with natural disease, and pre-and postinoculation serum samples were negative for antibodies against BT virus or EHD virus (except for pre-and postinoculation serum samples from fawn No. 8), demonstrating that BT and EHD viruses do not play a role in the pathogenesis of this disease.
Adenoviruses typically are shed in nasal discharge, feces, and urine. 3, 12 In this study, we were unable to find any adenovirus by direct electron microscopic examination of negatively stained preparations of bloody intestinal contents from fawns with the systemic disease. Virus may have been diluted by luminal blood, or the concentration of virus may have been too low to detect by direct electron microscopy. Alternatively, virus may be shed in feces early in infection and therefore was no longer present in feces of these animals at the time of necropsy. Fecal shedding may be less important than other routes, such as through the urine or oral and nasal secretions.
Although stress did not affect the final outcome of infection, it did appear to shorten the time from inoculation to clinical manifestation of the disease. Four animals developed clinical disease 4-6 days postinoculation, and four animals developed clinical disease after a considerably longer incubation period of 12-16 days. Three of the four animals that developed clinical disease after a short incubation period were fawns that were raised on the doe. Inoculation routes were evenly distributed among the doe-raised fawns and therefore was not a factor in the differing incubation periods. Stress was clearly apparent in these animals; they were not accustomed to the environmental conditions or to humans. Stress stimulates increased secretion and high plasma levels of glucocorticoids, which have immunosuppressive effects on inflammation, humoral immunity, and cell-mediated immunity. 25 The animals that were raised from neonates in the inoculation rooms had longer incubation times, except for one fawn.
Paracrystals were present in many of the nuclei of adenovirus-infected endothelial cells in close proximity to virions. Protein crystals with similar periodicity and fiber diameter have previously been described with certain strains of human adenovirus type 5. 4, 18, 19 These crystalline arrays seen with human adenovirus type 5 have been characterized as Feulgen-negative protein crystals devoid of recognizable virus and viral antigen. Paracrystals were also described in a case report of adenovirus enteritis in two calves. 5 The calf adenovirus was not serotyped, but this virus was also endotheliotropic, as is BAV-10. 24 Because the deer adenovirus is detected immunohistochemically by BAV-5 antiserum, it may be more closely related to the subgroup II BAVs (types 4-8) than to the conventional mammalian adenoviruses or subgroup I BAVs (types 1-3, 9). 1, 23 BAVs are divided into two subgroups on the basis of replication in bovine cells and antigenic properties. 6 One of the fawns seroconverted to all subgroup II BAVs, and two other fawns also seroconverted to subgroup II BAVs. Several animals had high antibody titers to GAV-1 and GAV-2, probably because these animals received fresh goat milk daily. Results of the virus neutralization test, however, suggest that this deer adenovirus is not a recognized bovine or ovine serotype but is possibly a new serotype of adenovirus. Further studies on molecular characterization of the deer adenovirus will help to determine how closely related this virus is to recognized serotypes of domestic animals.
